Tough and self-recoverable hydrogel membranes with micrometer-scale thickness are promising for biomedical applications, which, however, rarely be realized due to the intrinsic brittleness of hydrogel. In this work, for the first time, by combing non-covalent DN statergy and spin-coating method, we successfully fabricated thin (thickness: 5-100 µm), yet tough (work of extension at fracture: ~10 7 J/m 3 ) and 100% self-recoverable hydrogel membranes with high water content (62-97 wt%) in large size (~100 cm 2 ). The excellent mechanical properties of these tough and thin gel membranes are comparable, or even superior to many biological membranes. The in vitro and in vivo tests show that these hydrogel membranes are biocompatible, and postoperative non-adhesive to neighboring organs. The excellent mechanical and biocompatible properties make these thin hydrogel membranes potentially suitable for use as biological or postoperative anti-adhesive membranes.
Introduction
Owing to soft and wet nature, hydrogels are receiving ever increasing attention in various applications [1] including drug delivery [2] [3] [4] , contact lenses [5] , artificial organs [6] , postoperative anti-adhesive membranes [7] and biological membranes [8, 9] . Many of these potential applications require freestanding and even tough hydrogel membranes with micrometer-scale thickness. For example, as artificial substitutes for aponeuroses [10] , skin [11] , pericardium or septa, thin hydrogel membranes with high toughness and self-recovery are required. However,
given the intrinsic brittleness of hydrogels, even for the free standing hydrogel membranes with micrometer-scale thickness, they usually need to be fabricated on supporting substrates [12] or composited with knitted fabrics and fibers [13] , let alone the tough and selfrecovery case. Fabrication of tough and self-recoverable hydrogel membranes of micrometerscale thickness is a big challenge and urgently needed.
In the past decade, works on overcoming intrinsic brittleness of hydrogel has progressed tremendously, and a variety of tough hydrogels with different chemical structures has been developed [14] . Among them, the double network (DN) gels by introducing sacrificial bonds, invented in 2003, show both extremely high mechanical strength and toughness, even comparable to those of cartilages and rubbers [15] . The development of tough DN gels provide possibility for fabricating tough thin hydrogel membrane. However, it is not easy to extend the DN strategy from bulk gel to thin membrane directly. The challenge is, the requirement of a contrasting network structure formed by the two-step sequential polymerization sets a very high technical barrier for thin hydrogel membranes. Further, the first step for preparing DN gels is to synthesize a very brittle network, whose difficulty remarkably increases with decreasing thickness. Liang et al. [16] tried to synthesize DN hydrogels film by utilizing saltcontrolled swelling and pre-reinforcing techniques. The thickness of obtained membrane is around 50 µm. Hu et al. [17] fabricated tough hydrogel membrane with thickness in several hundred µm by dispersing DN microgels into polyacrylamide matrix. However, above methods are multi-step, operation sophisticating, and time-consuming. More importantly, those gel membranes exhibit permanent damage after large deformation, as the toughness arises from the fracture of irreversible covalent bond.
Here, in this work, for the first time, we successfully developed thin, yet tough, and selfrecoverable hydrogel membranes having large surface area. Inspired by the recently developed self-recoverable physical DN hydrogels [18] , we introduce the hydrogen bonds as sacrificial bonds to endow hydrogels membranes with self-recovery. This non-covalent strategy is further combined with spin-coating method to give a well-controlled thickness. The To the best of our knowledge, hydrogel membranes of micrometer-scale thickness that perform in this manner have never been previously achieved. These gel membranes show great potential as substitutes for biological or postoperative anti-adhesive membranes and this work also offers a new universal pathway to fabricate thin and tough hydrogels membranes.
Results and discussion

Structure uniformity
The thin first network membrane, referred to as the "B gel membrane", was prepared by spin coating of the triblock copolymer solution and following solvent exchange process.
During spin coating process, inhomogeneous structure was easily formed due to the Marangoni-like instability, which appears once the solvent evaporated faster than diffusion rate within the membranes [26] [27] [28] . To address this problem, the DMF was chosen as solvent, whose evaporation rate is very slow due to high vapor pressure. In addition, DMF vapor was introduced into spin-coater chamber to prevent solvent evaporation. To evaluate the solvent evaporation during spin coating process, the triblock copolymer concentrations (CP) after spin coating were compared with that of initial states at various spin speeds. As shown in Figure   S1a , the CP has not obviously changed after spin coating at low spin speed, while above 3000 rpm, there is a slight increase of CP due to little evaporation of solvent. Even so, the single first network gel (B gel) possesses uniform thickness from centers to edges ( Figure S1b ). To verify structure homogeneity, small-angle X-ray scattering (SAXS) experiments at different distance from center were performed (Figure S1c~e). The maximum scattering peak (q1)
represents the distance between randomly-dispersed micelles in the gel [18] . As shown in Figure S1f , the peak positions (q1) of the membrane is independent of the distance from the center to the edge. Moreover, the azimuthal angle independence of the scattering profile indicates that no orientation structure formed in the gel membranes (insert of Figure S1f ).
The homogenous structure was also confirmed by the tensile stress-strain curves of B-DN gel membranes in the directions parallel with and vertical to the direction from the center to edge.
As shown in Figure S1g , the tensile curves at the opposite directions almost overlap with each other, indicating the isotropic structure of the B-DN membranes.
Appearance and mechanical properties
Representative B-DN gel membranes are transparent and smooth (Figures 1a, c) .
Although the thickness only in micrometer-scale, those gel membranes show excellent mechanical property. For demonstration, a 36.2-um-thick membrane was impacted by a 120-g 30-mm-diameter ball, dropped from a height of 100 mm (inset Figure 1a and Movie S1). The sample withstood this impact without exhibiting any damage. In addition, these gel membranes were very flexible, robust, and could be easily folded into compact shapes without being damaged. PMAAs and the amide groups of the second network poly(acrylamide) [18] .
The B-DN gel membranes also exhibited 100% self-recovery. As shown by cyclic testing (Figure 1e) , the B-DN gel membrane exhibits a large hysteresis for the first loading/unloading cycle, which dissipates a significant amount of energy. Subsequently, the loading/unloading curve can recover to that of virgin state over a waiting time of 20 min and 5 min for strain 50% and 30%, respectively (Figure 1f) . To clarify the structure evolution during the cycle test, in-situ SAXS tests were also performed. The 2D SAXS images of the B-DN gel membrane measured in the virgin state, and that after-20 min recovery state are overlapped ( Figure S2 ), which reveals that the structure completely recovers after sufficient waiting time. This recovery process is ascribed to competition between the elasticity of the primary network in the virginal state and the strength of the temporarily re-formed bonds. Due to elasticity of the primary network, the temporally re-formed hydrogen bonds are ruptured, allowing the gel to recover to its equilibrium state. To the best of our knowledge, this is the first example of such a thin hydrogel membrane with such high toughness that is also 100% self-recoverable.
Thickness and mechanical tunability
The thickness and mechanical properties of the B-DN gel can be tuned by adjusting the concentration of the triblock copolymer, CP, and the spin speed, s. Figure 2a reveals that these B-DN gel membranes with thicknesses ranging from 5 to 40 μm can be obtained from block polymer B273 at a constant spin speed 3000 rpm using CP for the range 0.1-0.25 (wt/wt).
The lower CP limit (0.1) is close to the entanglement concentration of this block copolymer in DMF (data not shown). Below the entanglement concentration, the triblock copolymers form flower-micelle structures in which two endblocks are located in the same micelle rather than bridged between two micelles [22] . The upper limit (0.25) is related to the high viscosity of the solution. Above the concentration of 0.25, nonuniform gel membranes were observed during spin coating due to Marangoni-like instability [27, 29] . The mechanical properties improve with increasing CP due to an increase in the bridging fraction between neighboring micelles or the formation of more-effective hydrogen bonds between bridging chains and the second network at higher CP values ( Figure S3a ). As clearly displayed in Figure 2b , for a constant CP (e.g. 0.23), the thickness is easily tuned over the ~100 μm to ~10 μm range by increasing the spin speed from 500 to 5000 rpm. The tensile performance of the B-DN membranes appears to be independent of thickness at low spin speed; It should be noted that the tensile performance begins to decline as the spin speed exceeds 3000 rpm ( Figure S3b ), while these mechanical properties are still comparable or even superior to those of many biological membranes (Tables S2 and S3 ).
Given that the hydrogen bonds formed between the amides of the second network and the carboxyl groups of the first network are essential for endowing B-DN gel membranes with their excellent mechanical and self-recoverable properties, the molar ratio of the hydrogen- Table S1 ), which is close to the ideal 1:1 stoichiometric ratio. By continually increasing C2, excessive numbers of hydrophilic amide groups create osmotic pressure that swells the B-DN gels and weakens the existing hydrogen bonds, resulting in decreased E and σb ( Figure S4 ).
By assuming that hydrogen bonding is enhanced by hydrophobic interactions [23] , the second monomer, AAm, was replaced by other amide-derived monomers bearing hydrophobic Furthermore, the B-DN gel membrane fabricated with DEA exhibits a large yielding stress (3.55 MPa) compared with that fabricated with DMA (2.38 MPa). These results are attributed to the hydrophobicities of the second monomers that follow the order: DEA > DMA > AAm.
The more hydrophobic moieties the monomer has, the more stable the hydrogen bonds are, leading to enhanced yielding stress of the corresponding B-DN gel membrane.
This facile method for fabrication of B-DN gel membranes via the combination of spincoating and the DN concept is general, which can be extended to a wide range of triblock copolymers. Based on this method, B-DN membranes from triblock copolymers with different midblock and total molecular-chain lengths were successfully fabricated ( Figure S5 and Table S2 ). The Young's modulus of these B-DN gel membranes was observed to increase with decreasing midblock-chain length, whereas fracture strain is proportional to the length of the midblock chain. For example, Young's modulus increased from 0.15 to 1.97 MPa as the degree of polymerization of the midblock, n, decreased from 390 to 220; Young's modulus also decreased from 1.97 to 0.36 MPa when the total molecular length of the triblock copolymer was increased by a factor of 1.3.
In brief, these B-DN gel membranes, with 5-100-μm-thick and water contents of 62-97%, are tunable in Young's modulus over the 0.1-100 MPa range, while maintaining very high fracture stress (1-8.0 MPa), fracture strain (100%-1300%), and toughness (work of extension: Table S2 ).
Stability in physiological condition
The excellent mechanical performance of these B-DN gel membranes indicates that they (Figure 3b and Table S4 ). It should be mentioned that although the thin hydrogel membranes are easily dehydrated and become brittle in air, they are rapidly re-hydrated and recover to their original mechanical performances after being immersed in aqueous solution again ( Figure S6 ).
Comparison of mechanical properties between B-DN membranes and various biological membranes
The mechanical properties of B-DN gel membranes were compared with those of various biological samples which contain 50-90% water at 10-1000 µm thickness. We found that the 
In vitro and in vivo biocompatibility
The biocompatibility of the B-DN gel membranes is demonstrated by both in vitro and in vivo tests. Prior to these tests, we have confirmed that the B-DN gel membranes withstand autoclavation process (120 °C, 7 min, and 101 kPa) and exhibit comparable tensile behavior before and after thermal sterilization ( Figure S7 ).
For in vitro viability test, the 293T cells were cultured on three B-DN gel membranes, B-DN(AAm), B-DN(DMA), and B-DN(DEA), for 72 h and 120 h. Tissue culture polystyrene dish (TCPS) was used as a control. As shown in Figure 5 , the trypan blue live/dead exclusion tests show that cell viabilities on these B-DN gel membranes are as high as on TCPS, being the common nontoxic cell cultivation material [24] . (Figure 5c, g ), similar to that on TCPS (Figure 5d, h) , suggesting a relatively strong adhesion of the cells to this gel membranes. Such adhesion difference should be related to the difference in the hydrophobicity of the second polymer in B-DN gel membranes. In comparison with AAm and DMA, the DEA is more hydrophobic and therefore more adhesive for cells. The results of increasing cell adhesiveness toward the increasing hydrophobic moieties in this study agree with those of other works [25, 26] .
Given that the DMA monomer itself is non-toxic and bio-inert, the B-DN(DMA) gel membrane was chosen for the in vivo biocompatibility test [27, 28] . The B-DN(DMA) gel membranes were implanted underneath the rabbit skin and on surface of liver. The responses of the tissues were microscopically examined by pathologists at postoperative week 2.
Representative histological images of the tissues for the subcutaneous experiment and liver experiment were shown in Figure 6a 
Conclusion
In summary, we successfully synthesized freestanding tough B-DN gel membranes with micrometer-scale thicknesses based on the DN concept. At such low thickness, the B-DN gel membranes exhibit super-high strength, toughness, and full self-recoverability. They have comparable Young's modulus and much higher fracture toughness compared with biological membranes. Moreover, the thin B-DN gel membranes were highly tolerant to biological environments, biocompatible, and not adherent to biological tissue in vivo. These results demonstrate the sheer variety and potential use of such soft and wet hydrogel materials as biological and postoperative anti-adhesive membranes.
Experimental Section
Materials: The amphiphilic triblock copolymers, poly(butyl methacrylate)-bpoly(methacrylic acid)-b-poly(butyl methacrylate) (PBMA-b-PMAA-b-PBMA) with various degrees of polymerization, were synthesized by the Otsuka Chemical Co., Ltd., Japan ( Table   1 
Swelling ratio:
The thickness swelling ratio Q = t/t0 is defined as the ratio of the sample thickness, t of B-DN gel membranes to that of B gel membranes t0 at swelling equilibrium.
Tensile and cyclic test. The tensile stress-strain measurements were performed using a , a parameter that characterizes the work required to fracture the sample per unit volume, was calculated from the area below the tensile stressstrain curve until fracture. The fracture stress σb and the fracture strain εb were defined as nominal stress and strain at fracture point, respectively. The Young's modulus E was defined as value of initial slope of the stress-strain curve. The cyclic tensile tests were carried out in a humidity controlled environment at velocity of 10 mm/min with maximum strain of 30% and 50%, respectively. Tensile and cyclic test were carried out on dumbbell-shaped samples with the standard JIS-K6251-7 size (12 mm (gauge length) × 2 mm (width) × 5~100 μm (thickness)).
Small angel X-ray scattering (SAXS):
The static SAXS measurements were performed at BL40B2 beamline at the Synchrotron X-ray Facility in SPring-8. The wave length of X-ray was 1.0 Å and the sample-to-detector distance was set to be 2310 mm. The in-situ SAXS measurements were performed at BL19U2 beamline at the National Center for Protein Sciences Shanghai. The wavelength of X-ray was 1.033 Å and the sample-to-detector distance was set to be 6225.6 mm. During in-situ test, the samples were fixed on a uniaxial stretching machine. The data acquisition time was 20 s per frame for the two-dimensional (2D) SAXS images. All scattering images were analyzed with Fit2D software from European Synchrotron Radiation Facility by taking off the detector spatial distortion, X-ray beam fluctuation and background scattering.
To investigate the physical properties similarity of B-DN hydrogel membranes and biological membranes, water content, thickness and tensile stress-strain measurements for
Glisson's capsule, pericardium, gastrointestinal wall, heart wall, intestine, aorta vessel, ovary capsular and skin, were performed at condition mentioned above.
In vitro viability and morphology: Prior to cell cultivation, the B-DN hydrogels were sterilized in PBS and equilibrated for 1 day in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 1% Penicillin Streptomycin, 2 mM l-glutamine, and 10% fetal bovine A total of 9 female Japanese white rabbits (3.0-3.5 kg) were used in this study. The B-DN gel membranes were implanted into subcutaneous region (n = 4) or onto liver surface (n = 5).
Prior to the implantation, B-DN gel membranes were washed three times with autoclaved 
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NCPSS BL19U2 beamline at National Center for Protein Sciences Shanghai. We thank the staff (Na Li, Guangfeng Liu and Hongjin Wu) for assistance during data collection. We also Weight-average molecular weight and molecular weight distribution of the triblock copolymer, respectively. Scheme 1. Schematic diagram depicting the preparation of a thin B-DN gel membrane. (a) The spin-coated thin tri-block copolymer membrane was fabricated by depositing ~5 mL triblock copolymer solution onto a spin plate, followed by rapid acceleration of spin speed. After spin-coating, the thin membrane was immersed in water to initiate the hydrophobic chain self-assembly that forms the weak B gel membrane as the first network. After reaching equilibrium, the B gel membrane was immersed in an aqueous solution of the second monomer/UVinitiator and allowed to soak for several minutes. Finally, the second monomers were polymerized for 8 h to form polymers that can physically associate with the first network. (b) Chemical structures of the triblock copolymers that form the physical B-gel as the first network, and the second monomers that form linear chains as the second network. a) n is the degree of polymerization of the midblock in the triblock copolymer, CP is the weight fraction of the triblock copolymer in the precursor DMF solution used for the preparation of the spin-coated membranes, s is the spin speed (rpm), m is the 2 nd monomer type, and C2 is the concentration of the second monomer (mol/L) in the aqueous precursor solution used for the polymerization of the second monomers. The second monomer was polymerized using an initiator concentration of 0.05 mol% (relative to the second monomer) in the absence of a chemical crosslinker. 
